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Cortical interstitial cell interactions induce sensitivity of hydrone-
phrotic kidney to bradykinin. The mechanism of the increased prosta-
glandin production and induction of sensitivity to bradykinin by the
cortex of the hydronephrotic rabbit kidney was investigated using tissue
culture techniques. Cortical interstitial cells from normal, unilaterally
hydronephrotic and contralateral kidneys were grown in tissue culture.
Cells derived from hydronephrotic kidneys, but not normal or contra-
lateral, increased PGE2 production when incubated with bradykinin. Of
the two cell types, fibroblasts and macrophages, grown from hydrone-
phrotic explants, neither increased prostaglandin production when
grown alone in tissue culture. Recombining the two cell types restored
bradykinin responsiveness. Bradykinin responsiveness could be in-
duced in either normal or contralateral cell cultures when macrophages
from the hydronephrotic kidney were added to cultures of cells from
normal or contralateral cortex. The data indicate unique characteristics
of hydronephrotic macrophages are involved in the induction of brady-
kinin responsiveness in the cortex of the ureter-ligated kidney.
In the rabbit, unilateral ureteral ligation has been found to
induce a markedly increased rate of synthesis of prostaglandin
H synthase by the kidney [1] with that effect localized to the
renal cortex by slice experiments. This induction results in a
markedly increased capacity of the hydronephrotic cortex to
synthesize prostaglandins, one manifestation of which is the
uncovering of renal cortical responsiveness to bradykinin [2].
Thus, it has been shown that while the normal renal cortex does
not increase prostaglandin production in response to bradyki-
nm, there is an increase in PGE2 production when the hydro-
nephrotic cortex is incubated with bradykinin [2]. We have
proposed that these phenomena, increased prostaglandin pro-
duction and induction of responsiveness to bradykinin, are at
least in part related to the proliferation and/or infiltration of
cells within the interstitial area of the renal cortex. This was
tested by developing a method for culturing interstitial cells
from normal, unilateral hydronephrotic and contralateral kid-
neys [3]. Cells from the hydronephrotic kidney increased PGE2
production in response to bradykinin, while this effect was not
noted with cells from either normal or contralateral kidneys. In
the cultures, two types of cells were identified, fibroblasts and
macrophages. It was not possible to distinguish which of these
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two cell types was responsible for the uncovering of respon-
siveness of the prostaglandin synthetic system to bradykinin
[3]. Therefore, the purposes of the experiments in this study
were to: (I) separate the two cell types from each other;
(2) examine prostaglandin production in the fibroblasts and
macrophages individually; and (3) determine the effects of re-
combining the two cell types on bradykinin-dependent PGE2
production. The results indicate that neither fibroblasts nor
macrophages alone responded to bradykinin by increasing
PGE2 production. Recombining fibroblasts and macrophages
from hydronephrotic kidneys restored responsiveness to brady-
kinin. In normal or contralateral kidneys, bradykinin respon-
siveness could be induced by the addition of macrophages
derived from hydronephrotic kidneys.
Methods
Animals
New Zealand white, male rabbits (Eldridge Laboratory An-
imals, St. Louis, Missouri, USA) weighing 2 to 3 kg were used.
C3H/Anf female mice (6 to 10 weeks old) were obtained from
the Radiation Oncology Animal Breeding Facility, St. Louis,
Missouri, USA. To induce unilateral hydronephrosis, rabbits
were anesthetized with sodium pentobarbital, 25 mg/kg given
intravenously. The left ureter was ligated by a mid-abdominal
incision.
Preparation of lymphokine-rich medium
Lymphokine-rich medium was prepared by incubating spleen
cells (l07/ml) from previously untreated C3H/Anf mice with 5
g/ml of concanavalin A (Sigma Chemical Co., St. Louis,
Missouri, USA). Twenty-five ml of a spleen cell-concanavalin
A mixture were incubated in a plastic tissue culture flask (75
cm2) (Falcon Products, Oxnard, California, USA) in serum-
free, Alpha-Minimal Essential Medium (a-MEM) for 24 hours
at 37°C in a 5% C02-95% humidified air atmosphere. After
incubation, the cells were removed by centrifugation (10 mm,
400 xg), and the lymphokine-rich cell-free supernatant media
were filter-sterilized and stored at 4°C until use. Previous
studies showed that lymphokine-rich medium contains a factor
which inhibits migration of macrophages [4].
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Culture conditions
Four days following ureteral blockage, the hydronephrotic
and contralateral kidneys were removed from anesthetized
rabbits. Rabbits which were not ureter-obstructed were used
for normal kidneys. Using previously-described aseptic proce-
dures [3], the capsule was carefully removed and the kidney
bisected in the sagittal plane. The medulla was separated from
the cortex and discarded. Using a no. 2 cork borer, explants
were cut from the kidney cortex and placed in 35 mm plastic
tissue culture plates (Falcon Products). Culture medium (3 ml)
was a-MEM. The medium was supplemented with 5% fetal calf
serum (FCS). After two days of incubation at 37°C in 5% CO,.
the explants were discarded, and the media were replaced with
a-MEM containing 10% FCS and 10% L-cell conditioned me-
dium [5] which promotes macrophage growth. The time of
explant removal was designated as day 0.
For those experiments in which macrophages were elimi-
nated from the cultures, the culture media initially (day —2)
contained 200 pg of silica (Sigma Chemical Co., S-563 1).
Cultures were washed to remove silica on day 0. To prepare
silica for these experiments, a stock suspension in saline was
autoclaved and sonicated prior to use.
Preparation of macrophages
Macrophage cultures were prepared by initially culturing the
explant for two days at 37°C in 5% CO2 in 3 ml of a-MEM-5%
FCS supplemented with 25% lymphokine-rich medium to in-
hibit migration of macrophages from the explant. The explant
was then rinsed several times in a-MEM and placed on a 12 mm
circular glass coverslip in a well (16 mm) of a Costar-24
multiwell culture plate (Costar Products, Cambridge, New
Jersey, USA), containing 2 ml a-MEM-5% FCS without lym-
phokine-rich medium. After two days, the explant was dis-
carded and the coverslip with attached macrophages trans-
ferred to other cell cultures as necessary at day 0. These
macrophages were identified by their phagocytosis of heat-
killed yeast cells [6]. This was done by adding heat-killed yeast
and guinea pig complement to the cells for 30 minutes at 37°C in
5% CO, followed by staining with 3% methylene blue, The
cells were fixed with 10% formaldehyde solution. The phago-
cytic and nonphagocytic cells were tabulated by microscopic
visualization of 300 cells per plate, as described earlier [3]. The
product of the total cell count and the fraction of macrophages
yielded the total number of macrophages per plate. Several
cultures were examined for their ability to be stained with
nonspecific esterase according to the method of Koski, Poplack
and Blaese [7]. The counterstain was 0.5% methyl green. In all
the studies in this report, the numbers of esterase-positive and
phagocytic cells were not measurably different.
Production of prostaglandin
To measure the amount of prostaglandin produced by the
cultures, the culture medium was replaced with I ml of a-MEM
for 30 minutes at 37°C in 5% CO2 (control medium). This control
medium was then replaced with 1 ml of a-MEM containing 1
g/ml of bradykinin and the culture incubated for a second
30-minute period at 37°C (bradykinin medium). Both the control
and bradykinin media were analyzed in duplicate for PGE2
content using a previously described radioimmunoassay
method [8].
Total cell counts
The number of cells per plate were determined according to
the pronase-cetrimide counting technique of Stewart, Cramer
and Steward [9]. The pronase (grade B) used in this method was
purchased from Calbiochem-Behnng Corp. (La Jolla, Califor-
nia, USA).
Statistical analysis
Duplicate plates from each rabbit were analyzed for each
experimental condition. For prostaglandin production, values
were measured in control and bradykinin media in duplicate.
Values for each rabbit for each condition were averaged and
considered as N = 1. Statistical differences between individual
means were evaluated by Student's t-test.
Results
Figure 1 shows the effects of bradykinin on PGE2 production
by explants of normal and hydronephrotic kidneys. In day 11
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Fig. 1. Prostag/andin production by explant-derived cells from normal
and hydronephrotic kidneys (HNK) in response to bradykinin. Values
represent the mean SEM. The asterisks represent significant differ-
ences when compared to control (P < 0.01). Symbols are: (D) control;
() bradykinin.
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Fig. 2. Prostaglandin production by explant-derived cells from hydro-
nephrotic kidneys (HNK), silica-treated hydronephrotic (HNK silica),
and silica-treated, hydronephrotic cells supplemented with hydrone-
phrotic macrophages (HNK, silica macrophages). Symbols are ()
control; (•) bradykinin. Values represent mean SEM. The asterisks
represent significant differences compared to control (P < 0.01).
cultures, bradykinin had no effect on cells from normal kidneys.
However, there was greater than a tenfold increase in PGE2
production when bradykinin was added to cells grown from the
hydronephrotic kidney. At 11 days, there were significantly
more macrophages and fibroblasts in hydronephrotic kidney
cultures, 702,000 3,000 cells per plate, as compared to normal
kidneys, 259,400 33,500 cells per plate. Therefore, the effect
of bradykinin was determined in seven day cultures when the
cell count in hydronephrotic cultures was 151,800 9,400 cells
per plate, significantly less than the normal kidney at 11 days (P
<0.05). There was a greater than sevenfold increase in PGE2
production in response to bradykinin in seven-day hydrone-
phrotic cultures (Fig. 1).
The potential role of the fibroblasts in these cultures was
examined and the results are tabulated in Figure 2. In these
experiments, silica was added to the cultures as indicated in the
methods section. Silica had the effect of killing all of the
macrophages. With silica, there was also a decrease in the total
number of fibroblasts in these 11 day cultures (613,500 42,100
compared to 207,500 34,000 cells per plate). This was
probably not due to a direct toxic effect of the silica on the
fibroblastic component of the cultures, but rather to the lack of
macrophages because restoring hydronephrotic kidney macro-
phages to silica-treated cultures increased the rate of growth of
fibroblasts (410,300 61,300 cells per plate). The silica group,
therefore, contained only fibroblasts. It can be noted that the
fibroblasts alone did not increase PGE2 production in response
to bradykinin. However, re-addition of the macrophages iso-
lated from the hydronephrotic kidneys to the cultures previ-
ously treated with silica restored the responsiveness to brady-
kinin. The absolute increase in PGE2 production to bradykinin
in the macrophage treated group was approximately 50% of that
measured with the intact hydronephrotic kidney explants.
However, because of the lower control values with silica
treatment, the relative PGE2 increases in hydronephrotic kid-
ney versus hydronephrotic kidney + silica + macrophages
were similar.
The experiments shown in Figure 3 document that macro-
phages isolated from either contralateral or hydronephrotic
kidneys did not increase PGE2 production in response to
bradykinin. The cell counts in these pure macrophage cultures
were 214,500 26,400 cells per plate in hydronephrotic and
173,400 26,900 in contralateral kidneys, sufficient to detect
increases in PGE2 production as compared to the hydrone-
phrotic kidney, seven-day culture cell counts of 151,700 9,400
(Fig. 1).
The role of the hydronephrotic kidney macrophages in the
uncovering of the bradykinin responsiveness was further exam-
ined in the experiments recorded in Figure 4. All values
presented are in the presence of bradykinin. The values in
normal and contralateral kidneys are similar. Adding hydrone-
phrotic kidney macrophages to the normal kidney cultures
caused a marked increase in PGE2 production in response to
bradykinin. There was, however, no measurable effect of
macrophages derived from contralateral kidneys on the capac-
ity of normal kidney cells to increase prostaglandin production
in response to bradykinin. Addition of macrophages from
hydronephrotic kidney induced contralateral kidney cells to
respond to bradykinin. However, neither macrophages from
contralateral kidneys nor from normal kidneys (not shown)
induced responsiveness in contralateral kidneys. In addition,
total cell counts between normal kidneys with and without
hydronephrotic macrophages, and contralateral kidneys with
and without hydronephrotic kidney macrophages were not
measurably different.
Discussion
Nagle, Johnson and Jervis [10] have demonstrated an in-
creased rate of cell division in the interstitial area of the renal
cortex in the ureter-ligated kidney. We have documented that
this increased proliferation of interstitial cells can be demon-
strated in tissue culture. Thus, the doubling times of both the
fibroblastic and macrophage component of these cultures were
shorter than the doubling times observed with cultures from
either normal or contralateral kidneys. It was demonstrated at
that time that there was no evidence of renal parenchymal cells
in these tissue cultures [3]. Furthermore, we have demonstrated
that the systemic administration of agents such as BCG in vivo
can result in an increased rate of division of these cortical
interstitial cells in vitro in this culture system [11]. Subsequent
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Fig. 3. Prostaglandin production by cultured macrophages from hydro-
nephrotic (HNK) and contralateral (CLK) kidneys. Symbols are (D)
control; (U) bradykinin. Values represent mean SEM.
experiments in which polyclonal and monoclonal antibodies
were raised to the tissue cultures of normal, contralateral, and
hydronephrotic kidneys, and tissue sections examined using
immunofluorescent staining techniques, demonstrated that
these cells were indeed of interstitial origin. These data all
indicate this culture technique is specific for renal cortical
interstitial cells, and in primary culture, changes in in vivo
function can be reflected by appropriate changes in function in
tissue culture. On the basis of these previous studies, we
postulated that changes in cortical interstitial cell function could
be related to the activation of the macrophage component of the
infiltrate [31. In other systems, macrophages were known to
undergo functional changes upon activation [12]. One of the
manifestations of that alteration in function is the acquisition of
the capacity to stimulate fibroblasts to produce increased
amounts of prostaglandins [13]. In order to test this hypothesis,
it was necessary to examine the function of the two cell types
Fig. 4. Prostaglandin production by explant-derived cells from hydro-
nephrotic (HNK), contralateral (CLK) and normal kidneys (NRK). As
indicated, some cultures were supplemented with macrophages ob-
tained from hydronephrotic (HNK-M) or contralateral (CLK-M) kid-
neys at day 0. Values represent mean SEM.
independently and upon recombination. Silica is known to
inhibit macrophage growth [14]. Presumably this is accom-
plished as a result of phagocytosis of the silica particles with
subsequent death of the phagocytic cell. This technique was
effective in eliminating macrophages from our cultures. Killing
the macrophages resulted in the loss of the capacity of the
cultured cells to increase PGE2 production in response to
bradykinin. Macrophages were isolated in pure culture by
incubating cortical explants in 25% lymphokine-rich medium to
inhibit migration of macrophages from the explants [4]. When
the explants were then transferred to media which did not
contain lymphokine-rich medium and allowed to incubate for 48
hours, macrophages migrated from explants, and enriched
cultures of macrophages were obtained. Like the fibroblasts,
these cultures of macrophages did not exhibit bradykinin re-
sponsiveness. These data suggested, therefore, that an interac-
tion between the two cell types was essential for the develop-
ment of increased production of PGE2 in response to incubation
with bradykinin. This was tested by separating the two cell
types and recombining them. Recombination restored the
bradykinin responsiveness lost when the cells were separated.
There is a marked increase in the rate of production of both
prostaglandins and thromboxanes in the cortex of the ureter-
ligated kidney. This phenomenon is related to a rapid new
enzyme synthesis because it is inhibited by cyclohexamide, a
known inhibitor of new protein synthesis. This concept, rapid
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new enzyme synthesis, was supported by the observation that
there was a rapid recovery of prostaglandin synthesis after
administration of large doses of aspirin [1, 2]. Aspirin inhibits
prostaglandin production by covalently binding a serine moiety
of the cyclooxygenase component of prostaglandin H synthase
and irreversibly inhibiting enzyme activity [15]. Recovery from
aspirin is evidence of new enzyme synthesis. It was then
demonstrated that this increased prostaglandin production in
response to bradykinin could be, at least in part, related to the
interstitial cells in the hydronephrotic cortex [3]. The present
study indicates that both cell types are necessary to observe
this increased prostaglandin production. However, the passive
transfer experiments indicate that a unique characteristic of the
macrophages from the hydronephrotic kidney is involved in the
induction of this response.
Macrophages did not respond to bradykinin. However, mac-
rophages isolated from the hydronephrotic renal cortex uncov-
ered bradykinin responsiveness in fibroblasts from HNK and in
cultures of normal and contralateral kidneys. This effect was
specific for macrophages from the hydronephrotic kidney be-
cause it was not observed with macrophages isolated from
either normal or contralateral kidneys. These findings suggest
that the capacity of the HNK macrophages to induce bradyki-
nm responsiveness was present at the time the explants were
removed from the kidney. This interpretation is also consistent
with the observation that enhanced bradykinin responsiveness
is demonstrable in the isolated perfused kidney and in renal
cortical slices [1, 2]. This is important to note because macro-
phage inhibition factor (MIF) was used in vitro to inhibit the
migration of macrophages from the explants in the initial phases
of macrophage isolation. Migration inhibition factor (MIF) is
one of a number of soluble lymphocyte products, referred to as
lymphokines, which have effects on macrophage function [16,
171. While MIF did not activate macrophages from normal or
contralateral kidneys in vitro, it is possible that the hydrone-
phrotic macrophages were activated by lymphokines in vivo.
However, our data do not directly address that possibility.
Whatever the mechanism, ureteral ligation causes changes in
function of macrophages residing in the cortical interstitial area.
The macrophages then cause metabolic changes in the fibro-
blasts which are residing in close proximity to them in the
cortical interstitium [10]. Fibroblasts and macrophages are
known to interact in other systems. For example, Whitely and
Needleman [18] have shown that incubating dermal fibroblasts
with the supernatant of cultures of circulating human mono-
cytes increased PGE2 production both under basal conditions
and in response to bradykinin. They attributed this effect to a
factor in the supernatant which they termed mononuclear cell
factor (MNCF). Similar results were obtained by Korn,
Halushka and LeRoy [13] who documented augmentation of
PGE2 production when human foreskin fibroblasts were stimu-
lated by human circulating monocytes. Our results are compat-
ible with these findings of other investigators. tJreteral ligation
could stimulate the macrophages by an as yet unknown mech-
anism to elaborate a substance which stimulates cortical inter-
stitial fibroblasts to increase prostaglandin production and
augment responsiveness to bradykinin. This substance could be
similar to the mononuclear cell conditioned factor postulated by
Whitely and Needleman [181, or more than one factor could be
involved because not only is there increased prostaglandin
production by interstitial fibroblasts in the HNK, but those cells
also grow more rapidly in tissue culture [3, 11]. Conversely, the
same factor could be responsible for both effects.
There are several possible implications of these observations.
Cortical interstitial cells in obstructive uropathy are capable of
producing large amounts of substances, arachidonate metabo-
lites, which have the capacity to exert significant effects on
renal function. Yarger, Schocken and Harris [19] have pre-
sented evidence indicating products of prostaglandin H
synthase-mediated changes in renal blood flow associated with
the relief of ureteral obstruction. We have previously demon-
strated a change in the profile of oxidative drug metabolism by
the hydronephrotic cortex compared to either normal or con-
tralateral cortices [20]. Prostaglandin hydroperoxidase-depe-
ndent drug metabolism was markedly increased, but mixed-
function oxidase-dependent metabolism was decreased. This
increased capacity for oxidative metabolism by a prostaglandin-
dependent pathway could be important in the pathogenesis of
chronic progressive renal failure.
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